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Abstract—An investigation of the microbial community of Lake Baikal by the methods of general and molec-
ular microbiology showed that culturable bacterial strains are represented by various known genera. The lake
water contains a great number of bacterial morphotypes, as revealed by electron microscopy, and agreat diver-
sity of nonculturable microorganisms belonging to different phylogenetic groups, as revealed by 16S rRNA
gene fragment sequencing. The inference is made that the microbial community of Lake Baikal contains not
only known species but also new bacterial speciesthat are possibly endemic to the lake.
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There is increasing interest in the study of aquatic
microbial communities, since, being very small organ-
isms, microbes comprise an essentia part of the biom-
assin various bodies of water. The high growth rate and
good adaptability of microorganisms alow them to
dwell in different habitats. In the early 1990s, the novel
method of 16SrRNA gene sequencing madeit possible
to demonstrate the existence of new bacteria, whose
nucleotide sequences formed specific clusters on phy-
logenetic trees[1]. Later, another approach to the study
of bacterial communitiesin situ with theaid of oligonu-
cleotide probes was proposed [2, 3]. A comparative
analysis of microorganisms cultivated on selective
media and those detected by sequencing showed that
different groups of microorganisms can be detected by
these approaches [4].

The study of the microbial community of Lake
Baikal by different methods [5-9] provided agreat deal
of information on the number and the distribution of
total microorganisms, heterotrophic bacteria, and other
particular bacterial groups in the water and sediments
of Lake Baikal [5, 6]. In the 1990s, molecular biologi-
cal studies of nonculturable bacteria were started. A
water sample taken from a depth of 1200 m exhibited a
great diversity of novel nucleotide sequences [7]. The
suggestion that different depths of the lake are domi-
nated by different bacterial groups was confirmed by
the results of the experiments in which water samples
weretaken at the central station in the southern basin of
Lake Baikal from different depths, from the water sur-
face to the bottom layer [9]. These experiments showed
that cyanobacteria and actinobacteriawere dominant in
the surface water and at a depth of 400 m, respectively,
whereas the water at a depth of 1200 m contained rep-
resentatives of almost all groups of proteobacteria. The
deep water also contained cyanobacteria, but their
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nucleotide sequences were different from those
detected in the surface water.

This study was aimed at investigating the biodiver-
sity of microorganisms in the water of Lake Baikal by
the methods of general and molecular microbiology.

MATERIALS AND METHODS

Water sampling and fixation. The lake water was
sampled in the 1996 summer season at the central sta-
tions of three transects: Listvyanka settlement—Tankhoi
settlement (the southern lake basin); Cape Ukhan—Cape
Tonkii (the middle lake basin); and Baikal’skoe vil-
lage—Cape Turali (the northern lake basin). To enumer-
ate the total microorganisms, water samples were fixed
with glutaraldehyde added to a final concentration of
1%. To obtain the total bacterial DNA samples, 1-2 | of
the lake water was passed through a 0.22-um Millipore
filter. The residue was washed off from the filter and
suspended in a 10 mM Tris-HCI buffer (pH 7.5) con-
taining 0.5 M NaCl. The suspension was centrifuged,
and the resultant pellet was frozen and stored at —20°C.

Electron microscopic studies of bacterial mor-
photypes. Water samples (2 1) were kept in arefrigera-
tor for 1 day. An aiquot (50-100 ml) of bottom water,
which was enriched in bacterial cells due to their pre-
cipitation, was concentrated by filtration. Bacterial sus-
pension (approximately 1 ml) wastransferred on agrid,
evaporated for 6-8 h, and fixed with formalin vapor.
Whole cell specimens were contrasted with 2% phos-
photungstic acid (pH 7.0) and examined in aJEM-100C
transmission electron microscope (Japan).

Total bacterial count by epifluorescence micros-
copy. The microorganisms present in the water samples
were stained with the fluorescent dye 4,6-diamidino-2-
phenylindole (DAPI), which binds to DNA molecules.
A water sample was mixed with a dye solution to give
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Table 1. The total bacterial abundance and the number of
culturable heterotrophic bacteriain the water of Lake Baikal
investigated during the 1996 summer season

BEL'KOVA et al.

Table 2. The species composition of culturable heterotrophic
bacteriadominated at different depthsin the water of the Lake
Baikal southern basin during the 1996 summer season

TBA, |Heterotro-
Transect Depth, m | million phs,
celgml | cellg/ml
Listvyanka—Tankhoi 0 4.6 310
(the southern basin) 5 39 315
10 3.8 290
25 18 280
35 21 170
50 1.0 62
100 0.8 60
200 0.6 35
500 0.2 17
Ukhan—Tonkii 0 39 200
(the middle basin) 5 45 220
10 4.7 130
25 2.2 110
50 13 20
150 11 66
250 0.8 40
500 04 34
1000 0.15 10
1500 0.17 12
Baikal’ skoe-Turali 0 32 575
(the northern basin) 5 32 310
10 2.4 140
25 21 55
50 17 30
100 0.8 12
250 0.6 7
500 0.4 15
800 0.2 26

afinal concentration of the dye equal to 0.5 pg/ml. The
mixture was kept for 1 min and passed through a
0.2-um Nuclepore filter (PC). The filter was washed
with sterile water, placed onto a specimen dlide, and
examined in an Olympus epifluorescence microscope
with an oil-immersion objective.

The cultivation of heterotrophic bacteria. Het-
erotrophic bacteria were isolated using fish meal—pep-
tone (1 : 10) agar plates (FPA plates) inoculated with
water samplesin aproportion of 1-5 ml water per 25 ml
medium. After 3—7 days of incubation at room temper-
ature, the colonies grown on the plates were enumer-

Deptn,m | Nurber speies
0 49 Planococcus citreus
25 100 Aeromonas achromogenes
400 32 Acinetobacter calcoaceticus
1000 24 Pseudomonas synxantha
1200 35 Pseudomonas fluorescens
1400 30 Bacillus alvei

ated, and various bacterial morphotypes were isolated.
The taxonomic position of isolates was determined
from their morphological, physiological, and biochem-
ica properties, using the identification criteria of
Bergey’'s Manual [10].

DNA isolation. Bacterial DNA wasisolated using a
QIAamp Blood& Tissue kit (QIAGENE, United States)
according to the manufacturer’s instructions.

Primers. The primers used in the work were com-
plementary either to the most conservative regions of
16S rRNA genes (parenthesized are the E. coli—based
positions of nucleotides) or (in the case of plasmid prim-
ers) to the conservative regions of plasmid pAT123[9]:

500L, CGTGCCAGCAGCCGCGGTAA (514-533);
800L, AGGATTAGATACCCTGGTAGTC (790-812);

1000L, GATGCAACGCGAAGAACCTTACC
(972-994);
1000R, CCTGGTAAGGTTCTTCGCGTTGC
(975-997);
1230R, CATTGTAGCTCGTGTGTAGCCC
(1219-1240);

1350R, GACGGGCGGTGTGTACAAG (1389-1407);

M13-UP, GGAAACAGCTATGACCAT
(plasmid pAT123);
M13-DOWN, GTAAAACGACGGCCAGTG
(plasmid pAT123).

The amplification of 16S rDNA fragments. The
total bacterial DNA was used as atemplatein the poly-
merase chain reaction with the oligonucleotide primers
500L and 1350 R, which was performed under condi-
tions that provided for the greatest diversity of nucle-
otide sequences[9].

Cloning the PCR products and analysis of the
clones. The PCR products containing 16S rRNA gene
fragments were cloned using the ClonTech plasmid
pAT123, which is able to efficiently insert DNA frag-
ments. Ligation and transformation procedures were
carried out by the standard methods [11]. Clones were

MICROBIOLOGY  Vol. 72

No. 2 2003



MICROBIAL BIODIVERSITY IN THE WATER

oo
0, ¢ '.'.':",.j-?

L
i
. ).

205

Fig. 1. Bacterial morphotypes detected in the water samples taken in the (a) middle and (b) northern basins of Lake Baikal. The
scale bars represent 1 pm.

selected by the white-blue screening procedure and
analyzed by PCR using a suspension of heat-inacti-
vated cells (2 pl) asa DNA template and primers com-
plementary to the plasmid pAT123 regionsinthevicin-
ity of theinsertion (M13-UP and M13-DOWN).

16S rRNA gene fragment sequencing. The PCR
products obtained with the primers complementary to
the 16S rRNA gene positions 500 and 1000 were puri-
fied by electrophoresis in agarose gel and sequenced
using a PCR Cyclist kit purchased from Stratagene
(United States). Sequencing products were separated
by electrophoresis in 7% polyacrylamide gel contain-
ing 8 M urea and visualized by radiography. Further
sequencing steps were carried out and identical clones
were elucidated by the approach described earlier [9].

Analyss of nucleotide sequences. The sequences
derived were compared with those in the EMBL database

MICROBIOLOGY  Vol. 72 No. 2 2003

with the aid of the FASTA program. Phylogenetic trees
were generated using TREECON W software [12].

RESULTS AND DISCUSSION

Thetotal bacterial population determined by epiflu-
orescence microscopy included cells with a size of
0.2 um or larger. The results are presented in Table 1.
Thetotal bacterial abundance (TBA) in the water sam-
ples taken from the southern basin of Lake Baikal
ranged from 0.2 x 10° to 4.6 x 106 cells/ml. In the same
water samples, the number of heterotrophs grown on
FPA plates varied from 17 to 315 cells/ml. In the water
of the middle basin, the TBA varied from 0.15 x 106 to
3.9 x 10° cells/ml, and the number of culturable het-
erotrophs varied from 10 to 220 cells/ml. Correspond-
ingly, the TBA in the water of the northern basin varied
from 0.2 x 106 to 3.2 x 106 cells/ml, and the number of
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culturable heterotrophs varied from 7 to 575 cells/ml.
The decrease in the TBA with depth correlated with the
decrease in the number of heterotrophs. The maximum
amounts of total and heterotrophic bacteria were
detected in the surface layer and at depths of 5-10 m.
Considerable differences in the numbers of total and
culturable bacteria were aso observed by other
researchers for other natural ecosystems [2, 4]. It is
beyond doubt that the biodiversity of an aquatic micro-
bial community cannot be entirely characterized by
only the taxonomic range of culturable heterotrophic

(b)
Fig. 1. (Contd.)

bacteria, although this is an essentia characteristic of
the whole microbial community.

The culturable heterotrophic bacteria of Lake Baikal
were found to belong to the genera Bacillus, Pseudomo-
nas, Arthrobacter, Micrococcus, Acinetobacter, Alcali-
genes, Escherichia, Flavobacterium, Xanthomonas,
Corynebacterium, and Mibrio. The heterotrophic bacteria
species that dominated at different depths in the water of
southern Baikal are presented in Table 2. These data con-
firm the high diversity of microorganismsin Lake Baika
[13] and in other bodies of water.
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Table 3. Bacterial clonesin the water of middle Baikal taken from a depth of 25 m and bacteriain the EMBL database that
are the closest in the 16S rRNA gene sequences

Clone Occurrence rate Closest bacterium in EMBL (% similarity) Phylogenetic group
25-5-2 1 Unidentified cyanobacterial clone LD9 (98.1%) Cyanobacteria
25-5-3L 7 Unidentified cyanobacterial clone LD9 (99.6%) Cyanobacteria
25-5-11 1 Unidentified cyanobacterial clone LD9 (98.4%) Cyanobacteria
25-5-20 1 Unidentified proteobacterium arc 53 (99.3%) [3-Proteobacteria
25-5-35 2 Unidentified cyanobacterial clone LD9 (96.7%) Cyanobacteria
25-5-61 1 Unidentified cyanobacterial clone LD9 (98.3%) Cyanobacteria
25-5-64 1 Unidentified actinomycete ACK-M1 (94.1%) Actinobacteria
25-5-66 1 Unidentified actinomycete ACK-M1 (93.9%) Actinobacteria
25-5-66L 1 Soorichthya polymorpha (90.7%) Actinobacteria
25-5-69 1 Unidentified actinomycete ACK-M1 (91.3%) Actinobacteria

Table 4. Bacterial clonesin the water of middle Baikal taken from a depth of 1400 m and bacteria in the EMBL database
that are the closest in the 16S rRNA gene sequences

Clone Occgtr:nce Closest bacterium in EMBL (% similarity) Phylogenetic group
1405-1L 1 Methylobacter psychrophilus (94.7%) y-Proteobacteria
1405-2 4 L ucina pectinata (symbiont) (92.3%) y-Proteobacteria
1405-9L 1 Unidentified B-proteobacterium OPB37 (92.6%) [3-Proteobacteria
1405-10 1 Soil bacteria clone SC-1-55 (89.7%) o-Proteobacteria
1405-15 1 Eubacterial clone M7 from Amazonia (87.5%) Proteobacteria
1405-19L 1 Nonculturable bacterium from manganese nodul es (98.3%) Nitrospira group
1405-20 1 Acinetobacter johnsonii (99.1%) y-Proteobacteria
1405-22 1 Nonculturable soil bacterial clone C112 (97.2%) Holophaga group
1405-25 1 Nonculturable Methylobacter pAMC419 (91.3%) y-Proteobacteria
1405-41 1 Nonculturable bacterium GK S2-103 (94.6%) Actinobacteria
1405-48 1 Nonculturable Methylobacter pAMC419 (95.1%) y-Proteobacteria
1405-49L 1 Bacterial clone kb2426 (96.7%) Holophaga group
1405-50 1 Nonculturable bacterium GK S2-103 (88.9%) Actinobacteria
1405-51 1 Nonculturable bacterium GK S2-103 (91.3%) Actinobacteria
1405-55 1 Streptomyces griseus (86.1%) Actinobacteria
1405-56 1 Sphingomonas sp., clone BF14 (98.6%) o-Proteobacteria
1405-57 1 Nonculturable bacterium ARFS-33 (92.8%) Actinobacteria
1405-59 1 Sphingomonas sp., clone BF14 (95.0%) a-Proteobacteria
1405-60 1 Sphingomonas sp., clone BF14 (95.5%) o-Proteobacteria
1405-61 1 Nonculturable bacterium ARFS-33 (89.3%) Actinobacteria
1405-62 1 Soil bacterial clone SC-1-86 (97.2%) Holophaga group
1405-69 2 Sphingomonas sp., clone BF14 (93.3%) o-Proteobacteria
1405-72L 1 Nonculturable bacterium FukuN30 (97.5%) Actinobacteria
1405-79 1 Rhizosphere soil bacterial clone RSC-11-60 (96.7%) [3-Proteobacteria
1405-86 1 Nonculturable bacterium GK S2-103 (92.7%) Actinobacteria

MICROBIOLOGY  Vol. 72 No. 2 2003
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Table 5. Bacterial clonesin the water of middle Baikal taken from a depth of 1650 m and bacteria in the EMBL database

that are the closest in the 16S rRNA gene sequences

Clone Occ;gtrgnce Closest bacterium in EMBL (% similarity) Phylogenetic group

1605-3 3 a-Proteobacteria clone 33 (95.8%) o-Proteobacteria

1605-6 3 Aeromicrobium erythreum (87.3%) Actinobacteria

1605-10 1 Unidentified actinomycete clone ACK-M1 (93.4%) Actinobacteria

1605-13L 2 Unidentified eubacterial clone DA0O8 (89.2%) Acidiphilum group (low gc)
1605-13 2 Unidentified eubacterium RBO7 (92.1%) Acidiphilum group (low gc)
1605-17 3 Pandoraea pulmonicola (94.0%) [3-Protecbacteria

1605-21 1 Nonculturable 3-proteobacterium SBRA 220 (87.2%) [3-Proteobacteria

1605-22 1 Thiobacillus aquaesulis (92.4%) [3-Proteobacteria

1605-23 1 Nonculturable bacterial clone 404-8 (99.3%) a-Proteobacteria

Rhodoplanes elegans (96.2%)

1605-23L 1 Synechococcus PCC9005 (87.7% ) o-Proteobacteria

1605-26 2 Sreptomyces griseus (86.4%) Actinobacteria

1605-28 1 Unidentified eubacterium RBO7 (91.8%) Acidiphilum group (low gc)
1605-35 1 Nonculturable bacterium BURTON-14 (88.1%) Actinobacteria

1605-43 1 Nonculturable bacterial clone Methylobacter pAMCA419 (95.6%) | y-Protecbacteria

1605-50 2 Riftia pachyptila symbiont (90.5%) y-Proteobacteria

1605-54 1 Unidentified actinomycete ACK-M1 (89.9%) Actinobacteria

1605-56 1 Unidentified actinomycete ACK-M1 (91.8%) Actinobacteria

1605-59L 1 Methylobacter psychrophilus (95.5%) y-Proteobacteria

Light and epifluorescence microscopy, commonly
used to study the morphological diversity of bacteria,
allow only rods, cocci, vibrios, and, sometimes, spiral
and yeastlike célls to be distinguished. At the same
time, electron microscopy makes it possible to reveal a
strikingly high diversity of bacterial morphotypes iso-
lated from different depths. The micrographs presented
in Figs. 1laand 1b exemplify the bacterial morphotypes
revealed in the lake water by the direct microscopic
examination of water samples. Noteworthy is the fact
that these samples contain a great number of motile
cells with flagella, fimbriae, pili, and other threadlike
appendages, which is in agreement with the observa-
tions of Lapteva[13]. Surprisingly, these atypical mor-
photypes are not detected when bacteria are cultivated
on the standard nutrient media.

The 16S rRNA gene fragment sequence analysis of
three water samplestaken at the central station of mid-
dle Baikal from depths of 25, 1400, and 1600 m
revealed the presence of 74 different clones, which
were divided into 53 groups based on the results of the
so-caled G-ladder sequencing. One of the clones in
each of these groups was completely sequenced, and
these sequences were compared with those availablein
the EMBL database. The results of these comparisons
are presented in Tables 3-5. The phylogenetic relations
between our clones and the closest homol ogues found
inthe EMBL database are shown in Figs. 2—4. The non-
culturable bacteria of middle Baikal are represented by

cyanobacteria, proteobacteria, and gram-positive acti-
nobacteria, as well as by several representatives of the
Holophaga and Nitrospira groups (Fig. 2) [14]. As can
be seen from Tables 3-5, most of the sequences derived
were homologous to those of aguatic nonculturable
microorganisms. For instance, of the ten sequences
derived from the anaysis of the lake water sample
taken from the 25-m depth (Table 3), only one sequence
was homologous to that of the soil actinomycete
Soorichthya polymorpha, whereas the nine other
sequences were highly homologous to those of aguatic
cyanobacteria (five sequences), actinobacteria (three
sequences), and proteobacteria (one sequence). All of
the reference sequences were obtained for noncultura-
ble microorganisms of freshwater ecosystems [15, 16].
Many nuclectide sequences obtained from the analysis
of the lake water samples taken from depths of 1400
and 1650 m were highly homologous to those of non-
culturable bacteria (Tables 4, 5). Of the 25 sequences
typical of the depth 1400 m, 21 sequences were highly
homol ogous to nonculturable representatives of differ-
ent proteobacterial and actinobacterial subgroups and
Nitrospira and Holophaga groups. Of the 18 sequences
typical of the depth 1650 m, only 7 were highly homol-
ogous to the known bacterial species. Within each of
the groups, the degree of sequence homology was
within the range typical of species differences. Five of
the ten sequences presented in Table 3 were highly
homol ogous (from 96.7 to 99.6%) to that of the cyano-
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Fig. 2. A phylogenetic tree generated from the 16S rRNA gene sequences of bacteria detected in the water of Lake Baikal. Paren-
thesized are the numbers of clones having a particular nucleotide sequence.

bacterial clone LD9. However, most of the sequences
typical of the depth 1400 m (Table 4) had alow homoal-
ogy to those in the database: four showed 93.3-98.6%
homology to that of the nonculturable Sphingomonas
sp. clone BF14, and the four others showed
88.9-94.6% homology to the nonculturable actinobac-
terium GK S2-103. Five sequences (three typical of the
depth 25 m and two typical of the depth 1650 m)
showed 90-93% homology to that of the closest micro-
organism, unidentified actinomycete ACK-M1, which
is presently ascribed to a new phylogenetic cluster,
hgcl, in the family Actinomycetaceae [17].

On the phylogenetic trees presented in Figs. 3 and 4,
the nucleotide sequences of microorganisms occurring

MICROBIOLOGY  Vol. 72 No. 2 2003

in the water of middle Baika are clustered together
with those of microorganisms from other aquatic eco-
systems [18-20]. Low-depth waters (25 m) in Lake
Baikal are dominated by cyanobacteria, whose nucle-
otide sequences form phylogenetic clusters with those
obtained earlier for southern Baikal [9] and with cyano-
bacteria from the subgroup Synechococcus. Deep-
water bacteriaare mainly represented by proteobacteria
and gram-positive bacteria. The proteobacteria of mid-
dle Baika are clustered with the proteobacteria of
southern Baikal and some other nonculturable aguatic
and soil proteobacteria (Fig. 3). In the gamma sub-
group, the nucleotide sequencestypical of the water of
Lake Baikal are clustered with the nucleotide
sequences obtained for the bottom samples of other
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Fig. 3. A phylogenetic tree generated for proteobacteria detected in the water of Lake Baikal and those in the EMBL database that
are the closest in the 16S rRNA gene sequences. Clones revealed in the water of middle Baikal in thiswork are given in bold type,
while clones revealed earlier in the water of southern Baikal [9] are given iniitalic type.
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Actinomyces species (isolate TM208)

Nonculturable bacterium BURTON-14
Clone 25-4-10L (x1)

4|-_ Clone 25-4-10 (x1)

Clone 1204-39 (x1)

I: Clone404-23 (x1)

Nonculturable bacterium ARFS-33

|: Clone 1405-57 (x1)
Clone 404-29 (x1)

Clone404-11 (x7)

Clone 1605-35 (x1)

Clone 1204-6N (x1)
Clone 1405-61 (x1)
Clone 1404-31L (x1)
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Fig. 4. A phylogenetic tree generated for actinobacteria detected in the water of Lake Baikal and those in the EMBL database that
are the closest in the 16S rRNA gene seguences.
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bodies of water [19, 20]. Distinct endogenous clusters
were a so observed in the alpha subgroup (the Acidiphi-
lum, Spohingomonas, and Clone 33 clusters) and in the
Nitrospira group associated with delta-proteobacteria
[14]. The gram-positive actinomycetes of Lake Baikal
form two clusters (Fig. 4), one of which contains the
nonculturable bacteria ARFS33 and BURTON-14 and
is close to a cluster formed by nonculturable soil and
aquatic bacteria. The other cluster includesthe noncultur-
able bacteria GKS2-103 and FukuN30 from lakes Gos-
senkodlesee (Austria) and Fuchskuhle (Germany), which
form the aforementioned cluster hgcl of natural aquatic
bacteriain the phylogenetic group of actinobacteria.

Thus, this study considerably broadens our knowl-
edge of the diversity of culturable and nonculturable
microorganisms occurring in the water of Lake Baikal.
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